There is increasing evidence that high magnetic fields interact with the vestibular system of humans and rodents. In rats, exposure to high magnetic fields of 7 T or above induces locomotor circling and leads to a conditioned taste aversion if paired with a novel taste. Sex differences in the behavioral responses to magnetic field exposure have been found, such that female rats show more locomotor circling and enhanced conditioned taste aversion compared to male rats. To determine if estrogen modulates the neural response to high magnetic fields, c-Fos expression after 14 T magnetic field exposure was compared in ovariectomized rats and ovariectomized rats with estradiol replacement. 
Introduction
Advances in magnetic resonance imaging (MRI) are leading to the development of more powerful MRI machines capable of producing higher resolution images. There is increasing evidence that high magnetic fields (≥4 T) interact with the vestibular system of rodents and humans, although the mechanism of interaction is unknown. Magnetic field exposure under 2 T does not appear to be detectable by humans (Schenck, 1992; Winther et al., 1999) and has been reported to have no effect on a variety of behavioral tasks in rats Messmer et al., 1987; Ossenkopp et al., 1986) . Surveys of workers employed and within a 4 T MRI magnet (Schenck, 1992) or 9.4 T MRI magnet (Patel et al., 2008) reported sensations of vertigo, nausea, and illusions of movement that have been attributed to vestibular perturbations. Subjects undergoing MRI scans at 7 T (Theysohn et al., 2008) or 8 T (Kangarlu et al., 1999) reported vertigo while being moved in or out of the MRI machine, but not when positioned in the center of the machine for the duration of the scan. In a psychophysical study, subjects in a 7 T MRI machine experienced sensations of motion while moving into the magnet, or when moving their heads, but not when stationary (Glover et al., 2007) . When positioned at the homogeneous center of the magnetic field, movement of the head (e.g. head nodding or rolling) generated mild to severe vertigo (Glover et al., 2007) . Theoretical models of the mechanisms by which a static magnetic field could interact with the human vestibular system have been proposed (Glover et al., 2007; Schenck, 1992) . Our laboratory has discovered that a 30-min exposure to a static magnetic field of 7 T to 17 T has behavioral and neural effects in male and female rats and male mice (Cason et al., 2006; Houpt et al., 2003; Houpt and Smith, 2009; Nolte et al., 1998; Snyder et al., 2000) . At the behavioral level, magnetic field exposure suppressed normal rearing and induced tight locomotor circling for the first few minutes following magnet exposure. The direction of circling was dependent on the orientation of the magnetic field, such that when the rat was exposed head-up towards the positive pole it circled in a counterclockwise direction in the horizontal plane when viewed from the dorsal perspective. Exposure head-down towards the negative pole induced horizontal clockwise circling as viewed dorsally . Furthermore, we observed that when the magnetic field exposure was paired with a novel taste solution, a conditioned taste aversion (CTA) was induced (Cason et al., 2006; Houpt et al., 2003; Lockwood et al., 2003; Nolte et al., 1998) , similar to that seen after a taste stimulus is paired with off-axis rotation or motion sickness (Arwas et al., 1989; Braun and McIntosh, 1973; Fox et al., 1984; Green and Rachlin, 1973) . At the neural level, magnetic field exposure induced significant c-Fos immunoreactivity, a marker of neuronal activation, in specific vestibular and visceral nuclei within the rat brainstem (Cason et al., 2009; Snyder et al., 2000) .
The circling seen in rats immediately after magnetic field exposure is strikingly similar to the locomotor circling seen after unilateral hemilabyrinthectomy (Kaufman et al., 1999) . The suppression of rearing behavior following magnet exposure is similar to the suppression of rearing seen after horizontal whole-body rotation (Ossenkopp et al., 1994) . Magnetic field exposure and vestibular stimulation, e.g., by rotation, unilateral labyrinthectomy, or galvanic stimulation induce similar c-Fos patterns in the rat brainstem (Kaufman et al., 1991 (Kaufman et al., , 1992 (Kaufman et al., , 1993 (Kaufman et al., , 1999 Marshburn et al., 1997) . Because these results demonstrate parallel responses to vestibular activation and magnet exposure, they suggest that rats may be experiencing a vestibular disturbance similar to the selfreports of vertigo and subjective motion from humans after magnetic field exposure.
We also found significant sex differences in the response of rats to high magnetic field exposure that were modulated by estrogen (Cason et al., 2006) . Female Sprague-Dawley rats exhibited more locomotor circling than male rats. Estrogen levels modulated the response to the high magnetic field: female rats in estrus with low circulating levels of endogenous estrogens and ovariectomized females with the endogenous source of estrogen removed showed more circling than female rats with high levels of estrogen. Females also showed a more persistent CTA than male rats, which was not dependent upon the phase of estrous cycle or influenced by ovariectomy or hormone replacement. A second study utilizing gonadectomized and testosterone-treated male rats showed that the sex difference in CTA was not dependent on testosterone (unpublished data). Taken together, these studies suggest that there is an activational effect of estrogen to depress circling behavior, and also an organizational effect of sex on CTA that is not influenced by activational effects of estrogen or testosterone.
We hypothesize that the sex differences in behavioral responses of rats to magnetic fields are modulated by estrogen at the level of the vestibular and visceral relays of the brainstem. Therefore, we examined c-Fos immunohistochemistry as a marker of neural activation after 30-min 14 T magnetic field or sham exposure in ovariectomized female rats with and without chronic estradiol treatment. c-Fos is an immediate early gene that is often induced by acute sensory stimulation; it has been widely used to map central pathways of sensory processing, including brain stem circuitry activated by vestibular and visceral stimulation. For example, c-Fos is induced in brainstem vestibular relays by whole-body rotation (Kaufman et al., 1991 (Kaufman et al., , 1992 (Kaufman et al., , 1993 Marshburn et al., 1997) and unilateral labyrinthectomy (Kaufman et al., 1999) . c-Fos is induced in visceral relays by toxic or stressful stimuli such as lithium chloride injection (Houpt et al., 1994; Koh et al., 2003; Spencer and Houpt, 2001) or whole body restraint (Cullinan et al., 1995; Ostrander et al., 2003) . Similarly, we have also found that c-Fos is induced in both vestibular and visceral relays after 30-min exposure to a 9.4 T magnetic field in male rats (Snyder et al., 2000) and to a 14 T magnetic field in female rats (Cason et al., 2009) .
Ovariectomy and estrogen treatment have been shown to influence the amount of c-Fos expression in other models. In feeding, for example, ovariectomy increases meal size and decreases sensitivity to cholecystokinin; chronic estrogen (estradiol treatment) reverses these effects. In parallel with these behavioral responses, estrogen treatment increased the number of c-Fos-positive cells induced by food intake (Eckel and Geary, 2001) or cholecystokinin (Eckel et al., 2002) in the caudal and intermediate (but not rostral) nucleus of the solitary tract (NTS), the paraventricular nucleus of the hypothalamus, and the central nucleus of the amygdala.
Thus the estrogen-modulated change in feeding behavior was accompanied by a change in neural sensitivity as revealed with c-Fos. In a parallel fashion, we hypothesized that females treated with estradiol would show a different magnitude or pattern of c-Fos expression after high magnetic field exposure, compared to females without estrogen.
Results
To evaluate the effect of estradiol on c-Fos expression induced by magnetic-field exposure, ovariectomized female rats (OVX) and ovariectomized female rats with estradiol implants (OVX-E) were restrained within a 14.1 T magnet for 30 min, and then processed for c-Fos 60 min after the end of exposure. Control rats were restrained and sham-exposed for 30 min.
Locomotor activity
Magnetic field exposure, but not sham exposure, induced locomotor circling (Fig. 1A) . Magnet-exposed rats walked in tight, counterclockwise circles as previously reported. None of the sham-exposed rats circled. Therefore, the number of circles and the latency to circle was compared between magnet-exposed groups only. There was no significant difference in the number of circles between OVX and OVX + E magnet-exposed rats. However, the latency to circle was greater in OVX + E compared to OVX magnet-exposed rats [t (10) = 2.25, p < 0.05] (see Fig. 1B ). There was also a significant effect of exposure on rearing [F(1,19) = 48.02, p < 0.001] (Fig. 1B) . Magnetic field exposure almost completely suppressed rearing behavior in both OVX and OVX + E rats. Sham-exposed rats regardless of group reared more than magnet-exposed rats. There were no significant effect of estradiol and no significant interactions of exposure and estradiol on bilateral c-Fos counts within the vestibular relays. In the SuV of OVX + E rats, however, magnetic field exposure did not induce significantly more c-Fos than sham exposure, with a trend towards a decrease compared to magnet-exposed OVX rats (p = 0.06). There was a significant interaction of exposure and estradiol [F(1,19) = 4.37, p = 0.05] on bilateral c-Fos counts in the LC. OVX rats displayed significantly more c-Fos-positive cells than OVX + E rats in the LC following magnetic field exposure (p < 0.001). There was no significant effect of estradiol and no interaction of exposure and estradiol in the NTS or PBN. Fig. 1 -Open-field locomotor behavior was scored for tight circling and rearing following 30-min magnetic field-exposure or sham-exposure. (A) Only magnet-exposed rats circled and there was no difference in the number of circles between OVX and OVX + E rats. (B) The latency to circle was significantly lower in OVX compared to OVX + E rats, *p < 0.01. (C) Magnetic field-exposure (black bars) suppressed rearing in both OVX and OVX + E rats compared to sham-exposed rats (white bars); *p < 0.001.
c-Fos expression

c-Fos expression in visceral relays
Asymmetries in c-Fos induction
Pronounced asymmetries were seen in c-Fos expression after magnetic field exposure in several brain regions ( Chronic estradiol treatment altered the pattern of c-Fos expression. Compared to OVX rats, OVX + E reduced the asymmetry in the LC and SGe, induced a significant asymmetry in the Prp (right side > left side) and reversed the asymmetry of activation within the PBN (i.e. left > right). These changes resulted in a significant difference between OVX and OVX + E groups in the right-to-left ratio of c-Fos counts in the Prp and PBN. Thus, although estradiol treatment did not change the overall number of c-Fos positive cells counted bilaterally in Prp, SGe, and PBN, it did alter the relative pattern of expression across the two sides of the brainstem.
Correlation of c-Fos Induction and Circling
Pearson correlation coefficients were calculated to determine if there was a correlation between locomotor circling and c-Fos induction in the magnet-exposed groups. Number of circles was examined across both OVX and OVX + E groups. Number of circles was positively correlated with the number of c-Fospositive cells in the bilateral Prp [r(10) = 0.592, p < 0.05] and bilateral MeV [r(10) = 0.596, p < 0.05]. Latency to circle was examined only in the OVX + E group, because all the rats in the OVX group circled almost immediately (i.e. they had a uniformly low latency to circle). No correlation was found between number of circles or latency to circle and c-Fos induction in the NTS or PBN. This may be consistent with the role of the NTS and PBN in processing visceral responses rather than specific vestibular sensation.
Discussion
In this study, we found that estradiol modulated the neural response of the brainstem to magnetic field exposure in several ways. While magnetic field exposure induced significant amounts of c-Fos in both visceral and vestibular nuclei of the ovariectomized rat as previously found in male rats, chronic estradiol replacement significantly reduced the amount of c-Fos positive cells in the LC and prevented a significant induction in the SuV. Importantly, significant lateral asymmetries in c-Fos induction were quantified. Estradiol replacement also changed these patterns of leftright c-Fos expression.
As in previous studies, magnetic field exposure also induced counterclockwise locomotor circling and suppressed rearing (Cason et al., 2006; Houpt et al., 2003 Houpt et al., , 2005 Lockwood et al., 2003) . Previously, Cason et al. (2006) found that female rats showed increased counterclockwise circling compared to male rats, especially on the day of estrus when endogenous estrogen levels were low. Furthermore, ovariectomy increased circling and estradiol replacement decreased circling to the level of intact females following magnetic field exposure. Thus, both endogenous and exogenous estrogen could exert an inhibitory effect on responsiveness to magnetic fields. In this study, although there was no difference in total number of circles after magnetic field exposure, OVX + E rats had a significantly longer latency to begin circling compared to OVX rats. The lack of an estradiol effect here on absolute number of circles might be due to methodological differences between this study and the previous report. The only obvious differences were that in the previous study, rats underwent water restriction and were conditioned with 10-min saccharin access prior to magnet exposure, whereas in the present study rats were not water deprived. It is difficult to explain how these differences could contribute to circling behavior. There is evidence that chronic water restriction can affect levels of locomotor activity (Seiden et al., 1985) . However there is no particular reason to believe that estradiol modulation would be specifically altered by water restriction or saccharin consumption.
c-Fos induction
Magnetic field exposure induced more c-Fos expression compared to sham treatment in all areas examined in OVX rats, including both visceral (NTS, PBN, LC) and vestibular relays (MeV, Prp, SuV and SGe). These results are consistent with previous findings (Cason et al., 2009; Snyder et al., 2000) . The induction of c-Fos was not due to restraint alone because sham-exposed rats, which were also restrained, expressed little or no c-Fos. The induction of c-Fos in magnet-exposed rats is not due to the locomotor circling seen in magnetexposed rats per se, because c-Fos has been observed in magnet-exposed rats that remain restrained for 15 min after exposure and do not circle upon release (unpublished results). We hypothesized that decreased behavioral responsiveness to magnetic fields would be correlated with decreased neuronal activation in OVX + E rats. While the bilateral magnitude of activation in most regions of the brainstem was unaffected by estradiol, OVX + E rats showed less activation in the LC and the SuV. This suggests that estradiol can modulate responsiveness of the LC and SuV (directly or indirectly). The LC and SuV are therefore candidate sites mediating the reduced responsiveness of female rats with elevated estrogen levels to high magnetic fields. The lack of effect of estradiol on other nuclei examined may reflect the potency of the 14 T stimulus (i.e. a ceiling effect), or suggest that small focal changes in c-Fos expression can be correlated with integrated behavioral responses.
While it is clear that there is an association between c-Fos activation and circling, it is difficult to correlate precisely levels of c-Fos activation in the brainstem with behavioral responses of the vestibular system. Examples can be found, however. The vestibular system of mutant head-tilt (het) mice, which lack macular otoconia, are practically insensitive to linear acceleration; consequently, centrifugation induces almost no c-Fos in the brainstem of head-tilt mice, although it is a potent stimulus in wild-type mice (Fuller et al., 2004) . Furthermore, drug treatments that alter vestibular responses also alter c-Fos expression. For example, MK801 (an NMDA receptor antagonist) administered to rats shortly after unilateral labyrinthectomy inhibits vestibular compensation while increasing c-Fos expression in the contralateral MeV nucleus (Kim et al., 1997) .
Asymmetrical c-Fos induction
A significant aspect of the effects of high magnetic fields is the induction of an asymmetric behavior: rats and mice walk in counterclockwise circles after magnetic field exposure with their heads towards the positive pole of the magnet. This suggests an underlying asymmetry of the neural responsive in the brainstem. When laterality of c-Fos expression was examined, it was found that c-Fos expression in OVX rats was greater in the right side compared to left side of the SuV, SGe, PBN, and LC; in only the MeV was the left side greater than the right side. Thus magnetic fields cause asymmetrical activation of the vestibular and visceral relays. Although it is difficult to interpret these complex patterns and their modulation by estradiol, there are some examples in which the degree or pattern of asymmetry reflects the integrated behavioral response to a vestibular challenge. For example, c-Fos expression in brainstem nuclei following unilateral labyrinthectomy varies during the period of vestibular compensation. During vestibular compensation, there are changes in the overall amount of c-Fos expression as well as changes in pattern of asymmetry; thus the pattern of asymmetry can reflect both the degree of behavioral deficit and behavioral recovery (Kaufman et al., 1993 (Kaufman et al., , 1999 Kim et al., 2002; Kitahara et al., 1995) .
Interestingly, most of the asymmetric activation occurred in the side of the brainstem contralateral to the direction of locomotor circling (i.e. rats circled counterclockwise to their left, but the right side of the brainstem showed more activation.) We have recently begun to observe the head movements of rats during magnetic field exposure. After being placed in the center of the 14.1 T magnet, rats immediately tilt their heads to their right side, and they maintain this posture throughout the 30-min exposure. Thus, the lateralized c-Fos expression may reflect ipsilateral neuronal activation by a rightward vestibular stimulus during magnetic field exposure, while the counterclockwise circling after exposure may reflect a contralateral, leftward compensatory response when the magnetic stimulus is removed. The reasons for an asymmetrical effect of the homogenous magnetic field are unknown.
We have recently found using labyrinthectomized rats that the inner ear is required for the behavioral and neural response to magnetic field exposure, which suggests that the magnetic field interacts with the labyrinth (Cason et al., 2009; Houpt et al., 2007) . Because the mechanism of physical interaction of the magnetic field with the peripheral vestibular apparatus is unknown, the magnetic field could be either stimulating or inhibiting to the inner ear. The vestibular system processes and compares inputs from the left and right inner ears. Asymmetrical stimulation of the vestibular system can cause motion sickness and locomotor circling (Cohen et al., 2003; Kaufman et al., 1999) . The CTA acquired by rats in previous studies suggests that magnetic field exposure may interact with the vestibular system to cause motion sickness (Cason et al., 2006; Houpt et al., 2003; Lockwood et al., 2003; Nolte et al., 1998) .
Patterns of c-Fos expression cannot distinguish direct vs. indirect actions of magnetic field exposure on the vestibular system. The magnetic field could be directly acting on the peripheral vestibular apparatus (i.e. the inner ear) or influencing processing within central vestibular nuclei. Studies from our laboratory using labyrinthectomized rats as well as current studies using mutant mice which lack critical components of the external vestibular apparatus suggest that the inner ear is necessary for magnetic sensitivity. In particular, otoconia-deficient head-tilt and tilted-head mutant mice do not appear to respond to high magnetic field exposure, suggesting that the normal otolith function is critical. The magnetic field could also be acting on other sensory systems including the visual and proprioceptive systems that provide convergent information to the central vestibular network to induce the changes observed in c-Fos expression. Visual and proprioceptive sensory inputs could be removed to test this possibility.
Estradiol could be modulating the effect of magnetic field exposure on c-Fos expression at the level of the external vestibular apparatus, within the central vestibular network, or in other areas of the central network that send information to the central vestibular system. In order for estradiol to modulate any of these effects, estrogen receptors (ER) would need to be localized within one of the aforementioned sites. ER α and β immunoreactivity has been reported in the nuclei of inner and outer hair cells of mouse and rat, suggesting that estrogens might affect the inner ear (Stenberg et al., 1999) , but there has been little characterization of the ER in the rat brainstem. Several studies have demonstrated that the ER is present within the rat brainstem (Creutz and Kritzer, 2002; Curran-Rauhut and Petersen, 2002; Haywood et al., 1999; Lee et al., 2000; Lu et al., 2001; Reyes et al., 2001; Simerly et al., 1990; Spary et al., 2009; Tsukahara and Yamanouchi, 2002) , but no precise work has been done to characterize estrogen receptors throughout the central vestibular relays of the brainstem network.
In conclusion, these results extend our observation of sex differences in magnetic field responses at the behavioral level to the level of neural responses in the brainstem of the rat. Sex differences in magnetic field responses in rats may be relevant to the vestibular responses of women. Although there is no research demonstrating human sex differences in responses to high-strength magnetic field exposure, there is some evidence that women are more sensitive than men to other types of vestibular stimulation. Women are more prone to orthostatic intolerance (Fritsch-Yelle et al., 1996; Ray, 2000; Robertson, 1999) and motion sickness than men (Darlington and Smith, 1998; Park and Hu, 1999) . Furthermore, symptoms of vestibular disturbance have been demonstrated to depend on ovarian hormone status in women. Women report a higher level of vertigo and dizziness during the premenstrual period (Abdel Nabi et al., 1984) . Thus, as magnetic fields in clinical MRI machines increase in strength, it is possible that women might experience more vestibular side effects than men.
4.
Experimental procedures
Subjects
Female Sprague-Dawley rats (n = 23, 200-225 g; Charles River Laboratories, Wilmington, MA) were housed individually in polycarbonate cages in a temperature-controlled colony room at the National High Magnetic Field Laboratory at The Florida State University. The rats were maintained on a 12-h light/ dark cycle with lights-on at 7:00 am. All procedures were conducted during the light cycle. The rats had ad libitum access to Purina Rat Chow and deionized-distilled water. All procedures were approved by the Florida State University Institutional Animal Care and Use Committee.
Surgical procedures
Bilateral ovariectomy was performed through an intra-abdominal approach under halothane anesthesia in 23 female rats. A midline 2-cm incision was made and the uterine horns externalized and clamped with a hemostat below the fallopian tubes. The ovaries were excised by scalpel, and the incision sutured closed. During the same surgery, silastic capsules containing crystalline estradiol (E) were inserted subcutaneously in the neck of 11 rats (OVX + E rats). The E capsules were 5 mm in length with i.d. 1.57 mm and o.d. 2.41 mm. Identical implants produced serum E concentrations of 157 ± 80 pg/ml and P concentrations of 6 ± 1 ng/ml in previous studies using rats of the same strain and size (Gerhold et al., 2001) . The remaining 12 ovariectomized rats did not receive silastic capsules (OVX rats). At 7 days after surgery, OVX rats had gained significantly more weight (+40.0 ± 9.3 g) than OVX + E rats (+ 11.5 ± 6.0 g; t(22) = 8.8, p < 0.001), thus verifying activity of the estradiol implant. Rats were tested 14 days after surgery.
Magnet
Magnetic field exposure was conducted in a superconducting magnet with a vertical bore designed for biochemical nuclear magnetic resonance (NMR) studies. The 14 T magnet was a 600Mhz Bruker Cryo magnet with an 89 mm bore and fixed field strength of 14.1 T. It contained a shim magnet extending along the magnet bore for approximately ±15 cm from the magnet core, which was used to stabilize the magnetic field and give a central core field of uniform strength. The magnetic field was oriented vertically so that the positive pole was at the top of the magnet. The magnet was operated without radiofrequency pulses, so rats were exposed only to static magnet fields.
Magnetic field and sham-exposure
Prior to magnetic field or sham exposure, rats were placed in a Plexiglas restraint tube that had an inside diameter of 56 mm and an outside diameter of 64 mm. A cone shaped plug with a 1 cm hole at the apex was inserted in the rostral end of the restraint tube to accommodate the head of the rat and to allow fresh air for breathing. A second plug was inserted in the caudal end of the restraint tube and could be adjusted to restrain the movement of the rat. It had a 1-cm hole in the center to accommodate the rat's tail. When in the tube, the rat was almost completely immobile. Restrained animals were carried individually to the 14-T magnet where the rat was inserted head-up into the bottom of the vertical bore of the magnet. The rat was quickly raised through the magnet until the head of the rat was in the core of the magnetic field. Rats remained in the 14 T magnetic field for 30 min (magnetexposed rats; n = 6, OVX; n = 6, OVX + E).
To control for restraint and handling, additional rats were sham-exposed. Sham-exposed rats (n = 6, OVX, n = 5, OVX+ E) were inserted into identical restraint tubes. Then, the shamexposed rats were inserted vertically into an opaque polyvinylchloride pipe with dimensions and conditions similar to those of the bore of the 14 T magnet. The "sham magnet" was located in the same room as the 14 T magnet, but placed outside the 5 gauss field.
One magnet-exposed and one sham-exposed rats were exposed simultaneously. In order to allow time for tissue collection, rats were exposed individually at 30-min intervals, alternating between magnetic field and sham exposures.
Locomotor activity
Following magnetic field or sham exposure, the rostral plug of the restraint tube was removed; and the rat was allowed to emerge into an open polycarbonate cage (37 cm wide × 47 cm long × 20 cm high). The floor of the cage was covered with chip bedding. The locomotor behavior of each rat was recorded on videotape for 2 min after release into the cage. Then, the rat was returned to its home cage and left undisturbed until perfusion. An observer blind to the rats' treatment scored the videotapes later. Instances of tight circling behavior and rearing behavior (both forepaws on the side of the cage) were quantified. Circles were counted if the rat moved continuously around a full circle with a diameter less than the length of the rats' body. Partial circles or circles interrupted by stationary pauses were not counted.
Tissue processing
One hour following magnetic field exposure or sham restraint, rats were overdosed with sodium pentobarbital. Once completely unresponsive, rats were transcardially perfused, first with 100 ml heparinized isotonic saline containing 0.5% sodium nitrite, then with 400 ml 4% paraformaldehyde in 0.1 M sodium phosphate buffer. Brains were removed, blocked and post-fixed for 2 h and transferred into 30% sucrose for cryoprotection. The right side of each brain was marked with a hypodermic needle puncture hole. Coronal sections were cut at 40 μm on a freezing, sliding microtome. Sections were cut through the medulla from the caudal subpostremal end of the nucleus of the solitary tract (NTS; bregma −13.8 mm) to the rostral extent of the medial vestibular nucleus (MeV; bregma −11.0 mm). In addition, sections were cut from the pons from the caudal supragenualis nucleus (SGe; bregma −10.52 mm), through the locus coeruleus (LC) to the rostral tip of the lateral parabrachial nucleus (lPBN; bregma −9.3 mm; coordinates from Paxinos and Watson). Alternative tissue sections were processed for c-Fos immunohistochemistry. Free-floating sections were washed twice in 0.1 M sodium phosphate-buffered saline (PBS), then permeabilized in 0.2% Triton, 1% bovine serum albumin (BSA) in PBS for 30 min. After two washes in PBS-BSA, sections were incubated overnight with a rabbit anti-c-Fos polyclonal antiserum raised against human c-Fos residues 4-17 (Oncogene Sciences Ab-5, 1:20,000 dilution). After incubation for 1 h with a biotinylated anti-rabbit goat antibody bound secondary antibody was amplified with a Vector Elite ABC kit. Antibody complexes were visualized by a 5-min reaction with diaminobenzidine.
c-Fos data analysis
Images of brain regions (720 × 540 μm, 1.1 pixels/μm) were digitized with a MTI CCD72S grayscale camera mounted on an Olympus AX70 microscope. Cells expressing positive c-Fos immunohistochemistry were counted automatically by a Macintosh image analysis program (MindsEye). Cells with dark nuclear staining were automatically detected and counted by the software across each image, based on the relative pixel darkness and circular symmetry of the nuclei relative to surrounding background tissue in the digitized image. To insure consistent criteria for the automatic counting, the same threshold parameters were used for all images from all treatments. Cells were counted in several visceral nuclei, including NTS (mean of 11 sections per rat), LC (3 sections), and lPBN (8 sections). Stained cells were also quantified in the MeV (20 sections per rat), nucleus prepositus (Prp; 20 sections), nucleus supragenualis (SGe; 9 sections) and superior vestibular nucleus (SuV; 9 sections). Unilateral cell counts were then averaged for each rat; the mean counts were then averaged across rats in each experimental group.
Statistical analysis
Data are presented as mean± standard error of the mean. A ttest was calculated to compare the number of circles and latency to circle in OVX and OVX + E rats following 30 min magnetic field-exposure. A 2-way ANOVA was calculated to determine differences in rearing behavior and c-Fos expression using exposure (magnet or sham) and group (OVX or OVX + E) as the main factors. When ANOVAs were significant, Fisher's LSD post-hoc analyses were performed.
